Zinc-and copper-containing welding fumes increase systemic C-reactive protein (CRP). The aim of this study was to investigate the performance of the biomarkers serum amyloid A (SAA) and soluble vascular cell adhesion molecule-1 (VCAM-1) in this regard. Fifteen male subjects were exposed under controlled conditions to welding fumes containing either zinc, or copper, or copper and zinc for 6 h. Plasma samples were collected before, 6 and 24 h after start of exposure and biomarkers therein were measured by electrochemiluminescent assay. For each exposure, systemic concentrations of systemic SAA, but not VCAM-1, increased significantly at 24 h after exposure start compared with baseline ("copper only": P = 0.0005, "zinc only": P = 0.027, "copper and zinc": P = 0.001). SAA showed a wider range of concentrations than did CRP and its levels increased up to 19-fold after welding fume exposure. The recognition of copper as a potential harmful component in welding fumes, also independent from zinc, deserves further consideration. SAA might represent a new sensitive biomarker for potential subclinical sterile inflammation after inhalation of copper-and/or zinc-containing welding fumes. As elevations of CRP and SAA protein have both been linked to a higher risk for cardiovascular disease, these findings might particularly be important for long-term welders.
INTRODUCTION
A large number of workers are exposed to welding fumes containing various types of gases and metal particles in occupational settings. Depending on the constitution of the welding fumes and the respective exposure conditions, epidemiological studies have shown that welding fume exposure is associated with the risk of health impairment through respiratory illness, inflammation and cardiovascular disease. [1] [2] [3] [4] Zinc and copper play an increasing role in modern joining technology, especially in the automotive industry, and hence exposures from workers become more frequent. In a recent study, a distinct increase of systemic C-reactive protein (CRP) has been shown after inhalation of welding fume from a metal inert gas brazing process of zinc-coated steel using a copper-containing welding wire at an average fume concentration of 2.5 mg/m 3 . 5 A further study tested the effect of elevated systemic CRP levels after exposure with three different doses of this welding fume and found increases of CRP after exposure with 2.0 and 2.5 mg/m 3 average fume concentration, but not at 1.4 mg/m 3 . Hence, it was concluded that the no-observed-effect level for systemic inflammation after such exposures was 1.4 mg/m 3 and the lowest observed effect level was 2.0 mg/m 3 . 6 This corresponds to zinc concentrations of 0.84 mg/m 3 and 1.2 mg/m 3 , respectively, and copper concentrations of 0.24 mg/m 3 and 0.34 mg/m 3 , respectively. 6 A subsequent third study showed that the observed effects were due to the zinc as well as copper present in the welding fume, as the welding fumes which contained either zinc and no copper, or copper and no zinc, were also able to cause significant systemic CRP increases after a short-term inhalation. 7 Even moderate elevations of systemic CRP indicate an increased risk for cardiovascular diseases. 8 As short-term inhalations of zincand/or copper-containing welding fumes have been shown to elicit significant CRP elevations, [5] [6] [7] the question arises whether workers exposed to these metal fumes have an increased risk to develop cardiovascular diseases, as epidemiological studies suggest. 3 In order to investigate these and further biological effects and potential health risks after short-term inhalation of zinc-and/or copper-containing welding fumes, our aim in the present study was to investigate the performance of two other systemic biomarkers, serum amyloid A (SAA) and vascular cell adhesion molecule-1 (VCAM-1), after exposure to the three previously described "zinc only", or "copper only", or "copper and zinc" welding scenarios. 7 The mass concentrations of the copper and zinc particles in the metal fumes equalled those used before. 5 Like CRP, SAA is a positive acute-phase reactant and a sensitive marker of an acute inflammation. Its levels increase within hours after inflammatory stimuli, in part to levels greater than those of CRP. SAA is synthesized not only in the liver, but also extrahepatically, for example, by macrophages and endothelial cells. 9 While CRP promotes efficient phagocytosis of dying cells by macrophages, SAA may enhance the export of free cholesterol/ phospholipid by macrophages for reuse. 10 Further suggested functions of SAA comprise chemotaxis for monocytes and neutrophils, the promotion of pro-inflammatory cytokine expression, and the prolongation of the lifespan of neutrophils through an antiapoptotic effect. 11, 12 Elevated SAA levels are implicated in several chronic inflammatory diseases, such as amyloidosis, atherosclerosis, rheumatoid arthritis and chronic obstructive pulmonary disease (COPD), 12, 13 suggesting that SAA may have an active role in these diseases. Similar to CRP, SAA is a biomarker for the prediction of cardiovascular diseases.
14 Moreover, chronically and also briefly elevated SAA levels were recently shown to increase atherosclerosis in a murine model. 15, 16 The glycoprotein VCAM-1 (CD106) is a member of the immunoglobulin superfamily expressed mainly by activated endothelial cells, which mediates the adhesion of monocytes, eosinophils and lymphocytes. VCAM-1 expression is induced by IL-1β, IL-4, TNF-α and IFN-γ. Therefore, VCAM-1 is a marker of endothelial inflammation. It is not expressed under baseline conditions but is rapidly induced by pro-atherosclerotic conditions. 17 Soluble VCAM-1 is shed from endothelial cell surfaces and is readily detectable in serum. 18 The investigation of the performance of these two further pro-atherosclerotic biomarkers after short-term exposure with copper-and/or zinc-containing welding fumes is needed to further elaborate on potential harmful effects of these metal fumes particularly on long-term cardiovascular health.
METHODS

Subjects
The study group consisted of 15 non-smoking healthy male volunteers (mean age 26 years; mean weight 85.4 kg; healthy lung function data) without any occupational metal fume exposure or history of atopy, asthma or any other lung or cardiac disease. The anthropometric and lung function data of the study population have been described previously. 7 The study protocol was approved by the Ethics Committee of the Medical Faculty of the RWTH Aachen University and informed consent was obtained in writing from each subject prior to inclusion. For one subject, two exposure data sets had to be rejected due to nasal herpes virus infection and elevated CRP levels. Data sets from another two subjects were rejected due to a beforehand undetected ulcerated tooth root and flu infection and distinctively elevated serum CRP concentrations before start of exposure.
Controlled Short-Term Exposure with Defined Welding Fumes
Fifteen male subjects were exposed in a randomized threefold cross-over study to welding fumes containing at 1 day "zinc only" (target zinc concentration (tc): 1.5 mg/m 3 ), at another day "copper only" (target copper concentration tc: 0.4 mg/m 3 ) and on the third day both "zinc and copper" (zinc tc: 1.5 mg/m 3 ; copper tc: 0.4 mg/m 3 ). The duration of each exposure was 6 h. The time between the different exposures was 1 week. On each exposure day, five subjects were present in the exposure room resulting in a total of three exposure days per week. The subjects entered the exposure laboratory within a time difference of~20 min. For safety reasons, the lung function was measured before and after exposure using body plethysmography (data not shown). Once an hour, each subject cycled inside the exposure laboratory for 10 min on a bicycle ergometer at 80 W to simulate physical work. Blood samples were taken before, directly after end of exposure, and 24 h after exposure start. Exposure was performed in the "Aachen Workplace Simulation Laboratory", which consists of the emission room in which the welding fumes are generated and the exposure room in which the test subjects are exposed. Both units are connected by a ventilation system, which allows regulating the fume concentration in the exposure room. 5, 19 Welding was performed fully mechanized below a funnel-shaped fume hood, which was connected with the ventilation system of the exposure laboratory. Welding frequency was adjusted in order to achieve an average fume mass concentration of 2.5 mg/m 3 . The employed welding processes and materials, and the characterization of the fume concentration and composition, were described in detail before. 7 SAA and VCAM-1 Electrochemiluminescent Immunoassay SAA and VCAM-1 levels in plasma samples were analyzed using an electrochemiluminescent immunoassay (Catalog No. K15198D-1, with SAA and VCAM-1; Meso Scale Discovery (MSD), Gaithersburg, MD, USA). The matrix inhibitory effects of serum and plasma matrices on the detection of soluble cytokines using immunoassays has been shown to exist to a much lesser extent in the electro-chemiluminescence platform from MSD, when compared with either magnetic or polystyrene bead Luminex assays. 20 The average spike recovery for SAA in EDTA plasma was 101%, with a coefficient of variation (CV) of 9.3%. The corresponding recovery range was between 75% and 125%. The average spike recovery for VCAM-1 in EDTA plasma was 93%, with a CV of 6.9%. The corresponding recovery range was between 80% and 120%. For every immunoassay, standards and samples were diluted in Diluent 101. After washing the plates three times with wash buffer, 25 μl of standard or diluted plasma samples were added per well. Plates were incubated for 2 h. All incubations of the immunoassay were done sealed on an orbital shaker (Titramax, Heidolph Instruments, Schwabach, Germany) at room temperature. After 3 washes, 25 μl of detection antibody labeled with Sulfo-Tag (MSD) were added to each well and incubated for 1 additional hour protected from light. After further three washes, 150 μl of 1 × read buffer (MSD) was added per well and the plate was immediately read on the Meso Quick Plex SQ 120 (MSD). Raw data were analyzed using the Discovery Workbench 4.0 software (MSD). Standards and samples were measured in duplicates and CV values were o20%, and further in most cases o 12%. The data are available upon request.
Statistics
Statistical analyses were performed using MedCalc software 15 (MedCalc Software, Oostende, Belgium). Graphs were generated with GraphPad Prism (Graph Pad, San Diego, CA, USA). The two differences for the two values (i) directly after the end of exposure (6 h after exposure start) and (ii) 24 h after exposure start were calculated in comparison to the baseline value before exposure (0 h). The hypothesis that the median of the differences is equal to zero was tested using the Wilcoxon signed rank sum test with an exact P-value (without the Normal distribution approximation). Comparisons between groups were performed using the non-parametric Kruskal-Wallis test with the difference of the biomarker concentration as dependent variable and the exposure scenario index as independent variable. Correlations were evaluated using the Spearman rank test. Receiver operating characteristic (ROC) curve analyses were performed and area under the ROC curves (AUCs) calculated. Generally, a two-tailed P-value of P ≤ 0.05 was considered significant.
RESULTS
The individual time courses of systemic SAA separated for the three investigated controlled exposure scenarios "copper only", "zinc only" and "copper and zinc" are shown either as differences of the SAA concentrations compared with the base value ( Figure 1a ) or as absolute concentration values (Figure 1b) . Whereas only minimal changes of SAA were measured at 6 h after start of exposure (directly after the end of the exposure), clear increases of SAA were detected at the 24 h time point (Figures 1a  and b) . Using the Wilcoxon signed rank sum test to test the hypothesis that the median of the differences of the SAA concentrations at the 6 and 24 h time point each compared with the baseline is equal to zero, we found significant changes at 24 h for all three exposure scenarios: "copper only": P = 0.0005, "zinc only": P = 0.027, "copper and zinc": P = 0.0010 (Figure 1c ). This indicates that copper as well as zinc are able to induce systemic inflammation. Although the Kruskal-Wallis test showed no significant difference of the differences of SAA 24 h after exposure versus before exposure among the three exposure scenarios (not shown), there seems to be a tendency to a lower effect for the exposure with "zinc alone".
The individual time courses of systemic VCAM-1/CD106 (separated for the three investigated controlled exposure scenarios) are also shown either as differences of the SAA concentrations compared with the base value (Figure 2a ) or as absolute concentration values (Figure 2b ). We observed only small changes of VCAM-1 at 6 and 24 h after start of exposure compared with baseline (Figures 2a and b) . Using the Wilcoxon signed rank sum test to test the hypothesis that the median of the differences of the VCAM-1 concentrations at the 6 and 24 h time point each compared with the baseline is equal to zero, we found no significant changes (Figure 2c ). The hypothesis that the median of the difference of SAA at 24 h after exposure, or alternatively at 6 h after exposure, versus before exposure is equal to zero was tested using the Wilcoxon signed rank test. A P-value of ≤ 0.05 was judged significant and levels of significance were indicated as follows: *P = 0.01-0.05, **P = 0.001-0.01, ***P ≤ 0.001. SAA, Serum amyloid protein.
In a previous paper we reported about the systemic CRP levels for the three described exposure scenarios. 6 Therefore, we investigated to which extent the performances of the two acutephase proteins SAA and CRP were comparable, and whether the additional use of SAA besides CRP improves the detection of the acute-phase responses to zinc-and/or copper-containing welding fume exposures. We first tested for correlations between the systemic concentrations of SAA and CRP at 24 h after exposure. We The hypothesis that the median of the difference of VCAM-1 at 6 h, or 24 h, after exposure versus before exposure is equal to zero was tested using the Wilcoxon signed rank test. A P-value of ≤ 0.05 was judged significant. The levels of VCAM-1 remained largely unaffected, and hence no statistically significant differences were found. VCAM-1, vascular cell adhesion molecule-1.
found that the systemic concentration levels of these two acutephase proteins are correlated to each other (r = 0.751, Po0.0001) (Figure 3a) , suggesting that a more general systemic acute-phase response to the inhaled welding fumes was triggered in most individuals. Still, the performance of both biomarkers was not fully comparable: For some individuals, higher increases of SAA were accompanied by a relatively moderate increase of CRP (Figure 3b) . And for other individuals, this relation was found to exist vice versa: Higher increases of CRP were accompanied by relatively moderate increases of SAA (Figure 3b) . In order to further compare the performance of both biomarkers, we performed ROC curve analyses and calculated the corresponding AUC values. We compared the absolute SAA and CRP concentrations at 24 h post exposure with those values before exposure (Table 1) . For the exposure with "only copper" welding fume, the AUC for SAA was with 0.83 slightly higher than the corresponding AUC for CRP (0.795). In contrast, for the exposure with "copper zinc" welding fume, the AUC for SAA (0.826) was slightly lower than the corresponding value for CRP (0.861). Overall, these ROC results confirm, that the performances of SAA and CRP after zinc-and/or copper-containing welding fumes are comparable for most but not all individuals. Owing to the lack of a parallel ambient air control exposure (which was not conducted, as in previous studies CRP levels remained unchanged after control exposure 5, 6, 21 ), we could not perform an alternative ROC analysis considering the changes of SAA and CRP at 24 h (versus baseline) after welding fume exposure with the respective changes of SAA and CRP after ambient air exposure.
Of note, the values between the third quartile and the maximum of the Box-and-Whisker plots for the increases of SAA at 24 h after start of exposure show a wide distribution (Figure 1c) , which shows that some individuals react with very distinct elevations of SAA. For some subjects and exposure types, SAA reached considerable values of up to 123 μl/ml at this time point. Of note, the highest values of systemic SAA for the three different exposure scenarios concerned the very same individual (Figures 1a and b) .
DISCUSSION
Our main finding is that the systemic acute-phase reactant SAA is substantially and significantly elevated 1 day after the start of a 6 h exposure with copper-and/or zinc-containing welding fumes. This shows that the previously described elevation of systemic CRP [5] [6] [7] is not an isolated phenomenon, but that a more general systemic subclinical acute-phase response is occurring after inhalation of the described welding fumes. The performance of SAA was to a large extent similar to the one of CRP, and both markers were significantly correlated to each other. SAA showed a wider range of concentrations than did CRP, and its levels increased up to 19-fold after welding fume exposure.
In an occupationally oriented exposure study it is of interest whether the controlled exposures studied relate to a typical occupational exposure. The tested exposure conditions with zincand/or copper-containing welding fumes represent a worst-case scenario. First, the exposure doses tested are close to the workplace-related threshold value of 3 mg/m 3 . Second, it was assumed that no personal protection equipment was used. And third, exposures for six welding hours on 1 day were investigated. Furthermore, a cyclic exposure with the potential to reflect real workplace conditions was applied. In contrast to real workplace conditions, the welding fume exposures tested were investigated in a controlled fashion, and were not mixed with potential other workplace-related toxic exposures. For these reasons, the controlled exposures studies may provide valuable hints for typical occupational exposures. Another study reported that young smoking and non-smoking welders at an apprentice welding school showed significant CRP increases at 24 h after start of a welding fume exposure for 5.3 h exposure. 22 A further study reported an increased inflammatory response, including elevations of CRP, after occupational air pollutants. 23 This study confirms that copper-and zinc-welding particles are independent from each other potentially harmful for human health. The recognition of copper as a potential harmful component in welding fumes, also independent from zinc, deserves further consideration, particularly owing to the increasing role of copper in modern joining technology, especially in the automotive industry. In the year 2000, copper fume-and dust copperinduced systemic inflammation was judged to be a rare event on the basis of insufficient scientific literature about possible adverse health effects. 24 However, recent insights including the current study show that this question is not completely answered. 25 When comparing the biological effects of the "copper only" and the "zinc only" short-term exposure (with 0.4 mg/m 3 copper, and 1.5 mg/m 3 zinc, respectively), we observed in both cases significant increases Figure 3 . Correlations of the systemic CRP and SAA concentrations (a) and increases (b) 24 h after start of the 6 h exposure with the three different exposure scenarios with welding fume containing "copper and zinc" together, "zinc alone" as well as "copper alone". The correlation coefficient and the P-value were calculated using the Spearman rank test. Full CRP data were published in Markert et al.. 7 Diff., Difference; CRP, C-reactive protein; SAA, Serum amyloid protein. of SAA. However, the effects of zinc tended to be less pronounced than the effects of copper -especially as the copper content of the welding fume was considerably lower than the zinc content. A similar observation was made for CRP previously. 7 Furthermore, among 24 manufactured nanoparticles, which were compared for their toxicity in vitro in human alveolar epithelial and macrophage cell lines, copper-and zinc-based nanoparticles appeared to be the most toxic, especially for human macrophages. 26 In this connection, the particle size seems to have an important role, for human epithelial cells, it was shown that nanoparticles of CuO were much more toxic compared with micrometer particles of CuO. 27 Although the median for the SAA increases after inhalation of zinc-containing welding fume is lower than the respective median after inhalation of "copper only" welding fume, the elevations of SAA are relatively high in some cases. Thereby, our study suggests that zinc as welding fume component may have to be carefully considered, at least for a subgroup of workers in the sense of an individual health surveillance. Zinc oxide contained in the particulate fraction of welding fumes is generally regarded as a constituent causing acute respiratory illness.
1,2,28,29 Furthermore, zinc oxide nanoparticles have been implicated in lysosomal destabilization in a human macrophage cell line. 30 SAA is regarded as a biomarker of COPD and inflammatory joint disease that is more sensitive than CRP. 13, 31 Accumulating evidence suggests that SAA is a biomarker and a mediator of atherosclerosis: Increased SAA levels have been identified as a predictor of coronary artery disease and cardiovascular outcome, and serve as an indicator for the extent of the disease.
14 Furthermore, elevated systemic SAA levels are a hallmark of individuals who suffer from obesity and diabetes, 32, 33 and these inflammatory diseases are linked to an increased risk of developing atherosclerosis and heart disease. 34, 35 Moreover, in an animal experiment with apolipoprotein E-deficient mice, the overexpression of SAA directly accelerated the progression of atherosclerosis independent of all other risk factors. 15 Strikingly, mice receiving only a single injection of SAA also had increased atherosclerosis compared with controls. 16 These data suggest that even short-term inflammation with concomitant increase in SAA may increase the risk of developing cardiovascular disease. These observations are in line with epidemiological data suggesting that individuals with a history of intensive hospitalization or injury with a concomitant acute-phase response have increased subsequent mortality primarily from cardiovascular disease. 36, 37 In addition, when a cohort of elderly persons with ischemic heart disease were followed for 6 months and CRP levels were correlated with ambient air pollution (SAA was not assessed), CRP levels were statistically significantly associated with PM 2.5 .
38
CRP is a well-known risk factor for cardiovascular disease, independent from SAA. 8, 39, 40 Whether CRP also has a causal relationship to cardiovascular diseases, is under debate. 8, 41, 42 In contrast to CRP, SAA is more often discussed as causal factor for cardiovascular disease. 15, 16, 43 Furthermore, SAA exhibits pro-inflammatory characteristics such as the attraction of phagocytes, the induction of proinflammatory cytokines and the delay of neutrophil apoptosis, 11, 12 which may contribute to the pathogenesis of atherosclerosis. SAA has been reported to act pro-atherogenic also by driving an increase in vascular biglycan content, predisposing the vessel wall to increased retention of atherogenic lipoproteins. 16, 44 SAA exerts many of its immunological activities by binding and activating cell-surface receptors, including Toll-like receptor (TLR)2 and TLR4, formyl peptide receptor-like 1 (FPRL1), class B scavenger receptor CD36 and the ATP receptor P2X7. 12 The majority of published functional studies dealing with SAA have shown its pro-inflammatory activities using commercially available recombinant human (rh) SAA derived from Escherichia coli expression. Hence, possible lipopolysaccharide (LPS) contaminations of rhSAA could have a role, considering the lipid-binding propensity of SAA and the fact that the LPS receptor TLR4 is one of the reported SAA receptors. However, the cytokine-inducing activity of rSAA could be confirmed by rSAA-stimulated macrophages from the C57BL/ 10ScN mice, which lack functional TLR4. 12 We did not find any significant changes of systemic soluble VCAM-1 in any of the three exposure scenarios. Soluble VCAM-1 is considered the most abundant of the circulating cell adhesion molecules (CAM) and is upregulated in a number of inflammatory conditions. Furthermore, VCAM-1 has been found to be a suitable biomarker for chronic exposure to biomass fuel smoke. 45 However, consistent with our results, the expression of VCAM-1 did not obviously change in comparison with the control in in vitro zinc oxide nanoparticles-treated human umbilical vein endothelial cells. 46 As many cells use several different CAMs to mediate cellcell adhesion, it might be helpful to investigate further CAM candidates in future studies. The fact that the biomarker soluble VCAM-1 did not show any relevant increases in our study shows that the induction of the acute-phase response via CRP and/or SAA after short-term inhalation of zinc-and/or copper-containing welding fumes is a specific reaction.
A weakness of the study is the small study group size and that no blood sampling occurred between 6 h and 24 h after exposure start. The lack of an ambient air exposure under identical controlled conditions is a further weakness of the study. Such a control exposure would help to confirm the specificity of the results. Previously performed welding studies included ambient air exposures, which yielded no significant changes of CRP. 5, 6, 21 Also for another welding fume tested, an aluminum containing metal inert gas welding fumes, 5 no changes of CRP were detected. 5 Moreover, in the present study, significant changes of the acute-phase response were only found at 24 h compared with baseline at 0 h, which excludes any chronobiological variations. For these reasons, the results of the present study suggest a specific moderate acute-phase response after zinc-and/or coppercontaining welding fumes.
Whether the acute-phase reactants could be used not only to determine potentially harmful effects for all involved study participants (a group) after controlled inhalation of zinc-and/or copper-containing welding fumes, but also as potential preventive personalized biomarkers for the early recognition of inflammatory effects of an individual, cannot be answered from this small pilot study. The usage of personalized biomarkers would be desirable, as they may serve as objective means to protect more sensitive individuals from over-exposure with certain welding fumes in the sense of an occupational health surveillance. The positive correlation between SAA and CRP, besides the fact that the highest values of systemic SAA concern the very same individual, may suggest that CRP and SAA might be biomarkers, which might also be helpful to evaluate the health effects of zinc-and/or copper-containing welding fumes for an individual worker, independent from the fact whether the remainder of welders working with similar fumes have healthiness problems or not. Therefore, future studies should address in larger cohorts, whether CRP and SAA are candidate biomarkers that might be very helpful also for the individual occupational medicine prevention for welders working with zinc-and/or copper-containing welding materials, to prevent potential harmful effects also on long-term cardiovascular health. These larger studies should also investigate individual variability in CRP and SAA responses and whether it is favorable to measure both biomarkers instead of only one of them, as it has been suggested for several infectious or inflammatory diseases. [47] [48] [49] Moreover, further work is required to investigate whether the described inflammatory responses after exposure with zinc and copper fumes occur also at real work places. In addition, it will be important to investigate, whether long-term occupational exposure with zinc-and coppercontaining metal fumes among metal workers leads to a chronic elevation of the acute-phase response. Epidemiological, biomedical and clinical studies indicate that air pollution, for example, ambient particulate matter (PM), is strongly associated with increased cardiovascular diseases. [50] [51] [52] Future research should elucidate whether and to which extent also the inhalation of welding fumes, including zinc-and copper-containing metal fumes, contribute to an increased risk for this type of disease. A large long-term epidemiological study with male metal workers showed an increased risk for cardiovascular diseases after longterm exposure to welding processed particles, also after adjustment for smoking. 3 CONCLUSIONS Zinc-as well as copper-containing welding fumes are able to induce increased values of SAA (this study) and CRP 5-7 1 day after a short-term exposure. This moderate acute-phase response may vary to a certain extent for different individuals and may represent an increased health risk in the case of frequent exposure. Furthermore, CRP and SAA are both robust biomarkers that indicate an increased risk for cardiovascular risk, 8, 14 and both markers, particularly SAA, may functionally contribute to this type of disease. 15, 16 The consideration of these data may be important for the general and individual short-as well as long-term occupational health surveillance of workers working with these metal fumes, which become more common in modern joining technology.
